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The environmental inﬂux of hazardous contaminants viz PAHs and HMs occurs due to oil and gas drilling,
and processing of petroleum products in industrial facilities and reﬁneries. This problem plagues crude
oil drilling sites as PAHs are an essential component of and HMs coexist with crude oil. We analyzed the
spatial distribution of 16 PAHs and 8 HMs in 10 contaminated sites of Assam, a state in India. These
included Digboi, where crude oil was drilled in 1867 and the ﬁrst oil well in Asia that was drilled. The Ʃ16
PAHs in soil were detected with a minimum of 13.48 and a maximum of 86.3 mgkg1 and Ʃ 8 heavy
metal concentrations in the soil ranged between 69.51 and 336.06 mgkg1. A negative correlation was
detected between the relative concentrations of PAHs and HMs. The results conﬁrmed that the non-
biodegradable nature of HMs made them stay in the soil for longer periods of time. In our study, we
found that the levels of lead, copper, nickel, and chromium (total) in soil were 73.62, 11.86, 58.97 and
158.66 mgkg1. The recovery percentage for PAHs and HMs were in the range of 67e97% and 90e95%
respectively. Spatial distribution indices for Phenanthrene/Anthracene, Naphthalene/Acenapthhylene,
Chyrsene/Benzo (g, h, i) perylene and Fluranthene/Pyrene) calculated for soil samples indicated that the
spatial distribution of PAHs in soil is uneven which might be due to variations in contaminates
disseminated in soil. Such regionalized concentration has serious implications on the bio-economy both
in terms of health and economy, especially since the proximity of crude oil sites to paddy ﬁelds and/or
tea plantations uniquely marks the landscape of upper Assam.
Copyright © 2016, KeAi Communications Co., Ltd. Production and hosting by Elsevier B.V. on behalf of
KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Emerging contaminants came to occupy the center of environ-
mentalism since the 1960s primarily due to the groundbreaking
work of Rachel Carson who, in her landmark book Silent Spring,
presented an apocalyptic vision of a world made barren by them
[6]. The picture prophesied by Carson, while imaginary, is by no
means irrelevant. It points to the bleak possibilities of the globe
overridden with pollution that chokes its very life by entering into).
nications Co., Ltd.
o., Ltd. Production and hosting by E
ons.org/licenses/by-nc-nd/4.0/).its soil, water, air; in effect every single one of its support systems.
This is borne out by other case studies similar to Carson’s but
focusing on a range of other contaminants including polycyclic
aromatic hydrocarbons (PAHs) and heavy metals (HMs). A case in
point is South Central China, where 18 wild plant species were
detected with simultaneous accumulation of PAHs and HMs from
contaminated substrates, although disparities of PAHs and HMs in
spatial distributions among sites was evident [40]. The concurrent
accumulations of HMs and PAHs have gained substantial attention
since soils impure with PAHs were often reported to contain high
amounts of heavy metal [41,46]. A case of uptake of selected PAHs
from contaminated soils by rice seedlings (Oryza sativa) in a rice
ecosystem in Jinxing of Zhejiang Province, China, focused on the
facts that PAHs were taken up by rice roots via passive processeslsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article
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rhizosphere [39]. Numerous studies have conﬁrmed that the
combination of these binary types of contaminants could present a
great environmental threat to all biotic components of the
ecosystem [23] and therefore the US Environment Protection
Agency has ranked them (16 PAHs and Pb, As,Cr, Cd, Zn) among the
top 12 contaminants of concern [43]. What emerges from this is the
magnitude of the threat posed by these contaminants to the eco-
systems around the world and the urgency with which this issue
needs to be addressed.
The transport of polycyclic aromatic hydrocarbons (PAHs) and
heavy metals (HMs) from point source to various components of
the ecosystem is one of the major factors that jeopardize the well-
being of the environment. PAH and HM co-exist with petroleum
hydrocarbons and their inﬁltration into the environment causes
contamination of soil and sediments which puts plants, animals
and all living organisms at great risk [3]. PAHs are organic con-
taminants and are bound to suspended particles in the ecosystem
due to their highly hydrophobic nature. However the most domi-
nant PAHs in surface soil were those that had molecules with 2e3
rings [25]. These pollutants ultimately sink into the soil through
wet deposition. The persistence of PAHs is therefore a serious
environmental concern as they are actively carcinogenic, terato-
genic andmutagenic, threatening the biota [9]. Previous research in
this area has conﬁrmed that 1, 2 and 3 fused benzenoid rings PAH
are acutely toxic [36], while higher molecular weight PAHs are
strongly suspected to be carcinogens [26].
The anthropogenic origin of PAHs is of great concern, especially
in today’s world. The point sources of PAHs have been brieﬂy
described by Ref. [47] and the reﬁning and distillation of petroleum
is one of the important causes of PAH contamination in the envi-
ronment. The concentration of PAHs is approximately 2e10 times
higher in urban areas (which are the usual centers of industries and
reﬁneries) than in rural areas [45]. This might be because oil drilling
sites are a major source of PAH and heavy metal pollution but
suffers from poor management and lack of environmental controls,
which, in turn, may have a signiﬁcant impact on the surrounding
environment. PAHs are found in environmental samples almost
always as complex mixtures. Drill Cuttings (DC), Water Base Mud
(WBM), drilling ﬂuids (DF),Oil BaseMud (OBM), consist of parafﬁns,
cycloalkanes, alkenes, aromatics, sculpture compounds, nitrogen-
oxygen compounds, and heavy metals, viz, Nickel, Chromium,
zinc, manganese, cadmium, copper, and lead [5,10]. Crude oil is the
most important and predominant energy resource for humans and
the rawmaterial of various petroleum products which are essential
for daily life. However, during crude oil exploration, a vast amount
of drillingmud/ﬂuid is generated. Further, oil spills, leaks, and other
releases of petroleum occur frequently during its transportation
and result in the contamination of cultivated soil and groundwater,
especially when associated with accidental spills [10]. This huge
amount of toxic and persistent pollutants like PAHs, HMs, oil,
grease, phenols, drilling ﬂuid and mud affect organisms in the
biosphere from genetic through molecular levels [44].
The effects of PAHs onmammalian health have been extensively
studied [8] and ﬁndings have established that HMW-PAHs attack
DNA to form covalent adducts with DNA. These PAHs and their
primary metabolites cause chromosomal aberrations (hypodiploi-
dy and hyperdiploidy, deletion and breaking) in mammalian sys-
tems after chronic exposure and can lead to mutations [15].
Moreover, due to their lipid solubility, PAHs are rapidly absorbed
after entering the gastrointestinal tract [7], making this a major
exposure route of PAHs.
PAHs are adsorbed and accumulated in the upper surface layer
(humus) of soil and thus ﬁnd their way into the ecosphere [17]. Thesoil matrix seems to act as the long-term storage area for PAHs as
they are transported there, as stated above. Therefore spatial dis-
tribution indices of PAHs can be considered to be a reliable indi-
cator of the state of environmental pollution in a given area. A
signiﬁcant percentage of PAHs released into the environment
through anthropogenic sources disappear by photo-oxidation and
biodegradation by plant microbes associations. However, a
considerable amount is retained in soil surfaces from which living
organisms come into contact with these PAHs. Furthermore, the
incremental magniﬁcation of PAHs in the food chain damages the
health of the ecosystem [13,27]. Althoughmany plants have a range
of potential cellular mechanisms to detoxify PAHs and HMs, they
have certain limits beyond which even these plants cannot cope
increased concentrations of these contaminants. It has also been
observed that phytotoxicity increases in the presence of HMW-
PAHs. In addition to soil environments, there is a signiﬁcant
concern of bio-accumulation of PAHs in aquatic environments too.
Certain aquatic invertebrates bio-concentrate PAHs from the envi-
ronment although only a limited number of such species have so far
been identiﬁed. On the other hand phytoplanktons transport PAHs
and play a vital role in their initial biotransformation [11].
There are a variety of mechanisms by which PAHs are degraded
in the environment, including chemo-oxidation, photo-oxidation,
and microbial degradation, which are considered to be the primary
route of degradation of PAHs in soil [19]. In spite of such mecha-
nisms PAHs still exist in soil in moderate to high concentrations.
Many environmental regulatory agencies have established the
critical limits for PAHs in soil in an attempt to reduce environment
pollution and high risk of potential exposure to PAHs.
In this monitoring study, an attempt has been made to assess
the spatial distribution of PAHs and HMs in the vicinity of Asia’s
oldest crude oil exploration site e Assam, a northeastern state of
India (Fig. 1). Juxtaposition of crude oil exploration sites with rice
ﬁelds or tea plantations is a predominant feature of the landscape,
especially in the upper regions of the state. Therefore, accidental
spillage during drilling and transportation and subsequent
contamination of tea and rice ﬁeld is a common feature in these
regions. Moreover, it has been established that heavy metals enter
into plant bodies in acidic soil [16]. By implication then, since tea
plants normally grow in acidic soil, they become prone to accu-
mulate heavymetals in their systems. This possibility necessitates a
serious consideration of the impact of oil drilling sites on tea
plantations near them, given the importance of tea in the state’s
(and by extension the country’s) bioeconomy.
2. Materials and methods
2.1. Chemicals and reagents
For the purpose of our experiments on PAHs, Standard Pyrene,
Anthracene, and Phenanthrene were procured from Spectrochem
(Mumbai, India), and Acenaphthene, Acenaphthylene, Benzo(a)
anthracene, Benzo(a)pyrene, Benzo(b)ﬂouranthene, Benzo(ghi)
pyrelene, Benzo(k)ﬂuoranthene, Chrysene, Dibenzo(a,h) anthra-
cene, Fluoranthene, Fluorene, Indeno (1,2,3,-c,d) pyrene, Naphtha-
lene standards were procured from Sigma (St. Louis, MO, USA). The
reference stock solutions were prepared by dissolving individual
PAHs in analytical grade acetone (Merck Germany). The purity of
each standard was ranged between 95 and 99%.
2.2. Soil sample collection sites
In this study soil samples were collected from 10 different crude
oil drilling sites in Jorhat, Sivasagar, Dibrugarh and Tinsukia
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assessment of concentrations of 16 PAHs and 8 heavy metals were
collected from the fringe areas (i.e., within a 1 km radius of crude oil
drilling sites). In particular, soil near tea gardens and paddy ﬁelds
were collected where evidence of crude oil/drilling ﬂuid runoff was
found. The areas covered were in the selected locations of Borholla
(Soil 1), Lakwa (Soil 2), Mesagarh (Soil 3), Duliajan (Soil 4), Nahar-
katiya (Soil 5), Amguri (Soil 6), Rudrasagar (Soil 7), Moran(Soil 8),
Gelakey (Soil 9), and Digboi (Soil 10) sites of the Oil and Natural Gas
Corporation that suffer from faulty environmental control policies
and practices, which results in the presence of moderate to high
concentrations of crude oil in soil at regular intervals due to
seepage. The crude oil contaminated soil samples were collected in
each location from up to a depth of 25e30 cm and werewrapped in
aluminum foil and kept in a refrigerated condition at 4 C in
darkness to avoid photo-oxidation of PAHs. To make a representa-
tive sample, bulk samples were prepared from each location and
were sieved to separate large particles like plant debris from the
soil.
2.3. Extraction of PAHs from soil
The extraction of PAHs from the soil samples was done using
soxhlet extraction method [38]. Soil samples of 5.0 g each were
mixed with anhydrous NaSO4 and placed in an extraction thimble
and run in a Soxhlet extractor for 16 h with methylene chloride/
acetone solvent in a 1:1 v/v. The extracts were concentrated using
rotatory vacuum evaporator (Optics Technology e Buchi Type),
then thesewere solvent exchanged with 5mL Acetonitrile (CH3CN).
The extracts were then cleaned in a glass column (25  10 mm)
with silica gel (100e200mesh). This was done by placing the slurry
of activated silica gel in methylene chloride into the column from
which methylene chloride was subsequently separated through
elution. The concentrated extract in Acetonitrile was passed
through a pre-eluted column with 25 mL n-pentane at 2 mL/min.
The PAHs from the column were eluted with 25 mL Methylene
chloride/n-pentane mixture (2:3 v/v) in a conical ﬂask. The
collected fractions were concentrated in a rotary vacuum evapo-
rator followed by solvent exchangewith acetonitrile and its volume
was raised up to 5 mL. The puriﬁed extract was processed for the
analysis of PAHs through gas chromatography and mass
spectrometry.
2.4. Analytical method for PAHs
The analysis of PAHs was carried out as per USEPA method
8270D and a Perkin Elmer Clarus 600 GC-MS equipped VF-5
capillary column (30 m length, 0.25 mm ID, 0.25 mm ﬁlm thick-
ness) was used. A 20% split injection mode was selected with a
solvent delay time of 5 min with an injection volume of 2 mL. The
initial column temperature was initially set at 50 C for 1 min, then
programmed at 8 C min1 to 250 C, and gradually raised to
280 C at 10 Cmin1. The carrier gas was heliumwith a ﬂow rate of
1 mL min1. The resultant mass was acquired through electron
ionization mode (70 eV). The individual components were deter-
mined bymatching the retention timewith the authentic standards
of PAHs and with EPA/NIST Mass Spectral Library. Each sequence of
samples included a blank to control the absence of contamination
by solvents and a standard solution was extracted under the same
conditions as the samples in order to calculate the recovery rate of
PAHs. The recovery percentages were within the range of 67e97%.
A procedural blank analysis was performed with every three
samples for quality assurance and quality control. To monitor the
interferences and cross-contamination each analysis was per-
formed in triplicate. The limit of detections (LODs) were in therange of 0.048e1.3 mg/kg.
2.5. Analytical method for heavy metals
Three samples each of 250mg of the soil collected from each site
was re-dried in a hot air oven at 60 C for 72 h. The oven dried
samples were then put inside a heating ﬂask and heated in a
mixture of 2 mL HNO3 (70%, Merck India, Mumbai) and 3 mL HF
(37.5%) and digested in the Teﬂon-lined digestion vessel at 140 C
for 2 h. After that the digested samples were treated with 30 mL
water and 2.5 g H3BO3. Then the samples were ﬁltered through
Whatman no.1 ﬁlter paper. The volume of the samples was made
up to 100 mL with deionized distilled water. The analysis of the
heavy metals (Cu, Co, Cr, Pb, Fe, Mn, Cd and Ni) was done on an
atomic absorption spectrophotometer (Perkin Elmer PinAAcle 900).
All the glassware was ﬁrst washed with a detergent solution, then
rinsed with tap water followed by double distilled water, and
placed in 10% v/v nitric acid (analytical reagent grade) overnight,
and again rinsed with double distilled water before use. The con-
centrations of metals present in the soil sample were measured
using an external standard calibration graph. Each analysis was
carried out in triplicate including blanks to ensure the quality
control. For quality control and instrument’s performances a
certiﬁed standard reference material (1000 mgL1 of heavy metals)
fromNational Physical Laboratory, New Delhi was used. The limit of
detection (LOD) and limit of quantiﬁcation (LOQ) of heavy metals
were carried out by recovery experiments. The recovery and pre-
cision were within the range of 90e95%.
2.6. Statistical analysis
Data obtained from the respective experiments were pooled and
the means from these were used in statistical analysis using SPSS
version-16. The data on the variations in the concentration of PAHs
and HMs in soil were statistically analyzed by one-way ANOVA and
t-test and the least signiﬁcant difference (LSD) was applied to test
for signiﬁcance among the means. Spatial variance equality in the
means of PAH and HM variables at P values < 0.01 and P < 0.05were
calculated, and structure detection subsequently made with means
plots. Correlation coefﬁcients (r) between various concentrations of
heavy metals in soil were analyzed by using Pearson’s correlation
coefﬁcient. P values < 0.01 and < 0.05 were considered as signiﬁ-
cant. Variance components like coefﬁcient of variations were also
calculated. Means were separated with DuncanMultiple Range Test
(DMRT) in respective tables. Spatial distribution of PAH and HM
were compared through log linear estimation.
3. Results and discussion
3.1. Spatial distribution of PAHs
The spatial distribution of PAHs was determined in the 10
sampling sites (n ¼ 5) to map the presence of PAHs in crude oil and
gas drilling sites of Assam and shown in Table 1. In the present
study, 16 priority PAHs (according to the US Environmental Pro-
tection Agency) were determined, namely, Napthalene, Acenap-
thene, Acenapthylene, Fluorene, Phenanthrene, Anthracene,
Fluoranthene, Pyrene, Benzo(a) Anthracene, Chrysene, Benzo(b)
Fluoranthene, Benzo(k) Fluoranthene, Benzo(a)Pyrene, Inden-
o(123cd) Pyrene, Di Benzo(ah) Anthracene, and Benzo (ghi)
Pyrelene.
Out of the 16 PAHs screened in the present study, the highest
distribution was found in Borholla (12 PAHs) and the lowest in
Naharkatia (5 PAHs). Among the 16 PAHs, anthracene and benzo (g,
h, I) pyrelenewere found to bemore prevalent, their presence being
Fig. 1. A map of study site (a) showing sampling point at crude oil drilling area of Assam with mighty Brahmaputra River (b) originates in the Angsi Glacier in the Himalayas and
passes through multiple countries like China, India and Bangladesh.
Fig. 2. Crude oil drilling site (aeb) at Namti, Assam. Crude oil seepage in paddy ﬁeld during transport at Borholla oil ﬁled (ced).
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rene and chrysene were present in six sampling sites, the presence
of acenapthylene, pyrene and, dibenzoanthracene was detected at
ﬁve sites. Benzo-b-ﬂuoranthene, acenaphthene and ﬂuoranthene
were detected at four sites, and indenopyrene and benzo-k-
ﬂuoranthene at three sites. The most limited occurrence appeared
to be of benzo-a-anthracene which was recorded only at Duliajan.
Again, the number of individual PAHs detected from the sampling
sites ranged from a minimum of one to a maximum of seven. The
spatial variation of PAHs showed signiﬁcant differences with
respect to each sampling site [F (3.358), P < 0.001] based on linear
independent pairwise comparison among the estimated marginal
means. The least coefﬁcient of variation (CoV) is shown by site
numbers 1 (Borholla) and 7 (Rudrasagar) (105.7%). The least in-
formation criteria of PAHs according to Akaike’s information cri-
terion (AIC) and Hurvich and Tsai’s criterion (AICC) was 833.844
(R2 ¼ 0.42).
The variation in the concentration of individual PAHs in all the
sites ranges from a maximum of 49.44 mgkg1 for phenanthrene,
through 47.58 mgkg1 for dibenzo[a,h] anthracene, 45.28 mgkg1
for chrysene, 33.78 mgkg1 for naphthalene, 30.43 mgkg1 for
anthracene, and less than 30 mgkg1 for acenapthalene, acenaph-
thene, benzo[a]anthracene, benzo[b]ﬂuoranthene, benzo[k]ﬂour-
anthene, benzo[a]pyrene, benzo[g,h,i]pyrelene, ﬂuorine,
ﬂuoranthene, indeno[1,2,3-cd]pyrene and pyrene.
3.2. Ratio of low molecular weight and high molecular weight PAHs
To trace the nature of the origin of PAHs, the ratios of low mo-
lecular weight PAHs like phenanthrene/anthracene, naphthalene/
acenaphtahlene and those of high molecular weight PAHs like
chrysene/benzo(g,h,i) pyrelene, ﬂuoranthene/pyrene were calcu-
lated. Out of the 8 sampling sites, only one (site 1) showed the
highest ratio of phenanthrene/anthracene (5.75) and naphthalene/
acenaphtahlene (5.6) whereas chrysene/benzo (g, h, i) pyrelene
ratio was highest (6.26) in the samples of site 9 (Table 2).
The hazardous PAHs at various samplings site were found to
differ in type and concentration, and Ʃ 16 PAHs were recorded at a
highest concentration (mgkg1) at Borholla (86.3 ± 20.92) and
lowest at Naharkatiya (13.48 ± 4.98). These variations depended on
the number of drilling sites in the proximity of the different sam-
pling locations, as those sites with a higher density of crude oil
drilling had a higher rate of contamination in their surrounding
areas and vice versa. The threshold levels of the toxicity of PAH
contamination have already been reported [4]. These levels, along
with all the seven carcinogenic PAHs as reported by USEPA [22]
were found to be present in our investigation. Thus, the results of
our study revealed a potential risk to the inhabitants of these areas,
in particular, sites 1 (Borholla), 2 (Lakwa) and 8 (Moran), where out
of seven, four carcinogenic PAHs were detected. Moreover, these
hazardous PAHs in soil are a threat to the tea industry of the region
as it alters the physico-chemical properties and biological changes
of tea soil as well as make the tea plants vulnerable to these con-
taminants [33]. PAH and petroleum-derived products adversely
affect the normal health of plants as these compounds hinder the
uptake of water and mineral salts by them and lowers most of their
metabolic processes [34].
It is to be noted, however, that our investigation was carried out
during the season of winter when rainfall is at its lowest in Assam.
The concentration of a few PAHs in the soil was lower in the study
areas, which may be attributed to the volatility of these PAHs
during winter, leading to their higher presence in the ambient at-
mosphere instead [21]. There is, thus, a low residual concentration
of PAHs in the soil in winter as compared to their high concentra-
tion in summer and autumn that happens due to wet depositioninto the soil as a result of heavy rains during these seasons. As of
now, this is an uncharted territory as no seasonal study has yet been
carried out on the relative concentration of PAHs in the region. But
at the same time, the results of our study are signiﬁcant for the very
reason that even the levels of the concentration of these PAHs
recorded during winter exceeded the threshold levels and were
therefore dangerous for human, animal and plant life. Again, the
concentration of Ʃ16 PAH was recorded at a range from 86.3 to
65.83 mgkg1 which is higher than, to take a test case, the Indian
Oil reﬁnery site at Mathura (which is located in an urban area and,
in addition, also situated in a high trafﬁc zone and thus seemingly
more exposed to petroleum based emissions) where it was
60.36 mgkg1 [42]. PAHs seem to be generatedmore from local and
regional emitters than from long range transport [1]. All the 10
sampling sites from the study area experienced severe PAH
contamination, going by the standard of [24] which deﬁnes PAH
contamination as their being present in a concentration of more
than 1.0mgkg1 (Fig. 3). The comparisonwith the reﬁnery here is to
point at a likely reason for the heightened levels of contamination
in the oil drilling sites rather than reﬁneries. It would seem con-
tradictory from what was stated in the introduction, namely, that
urban areas usually experienced a higher level of contamination
than rural areas due to the greater presence of reﬁneries etc. Even
though it is generally true, we found during our investigation that
the oil drilling sites (except Digboi) were situated near rural areas
surrounded by paddy ﬁelds or tea gardensmostly but still exhibited
higher concentration levels than, say, the Mathura reﬁnery as
stated above. These sites have an abundant vegetation, but due to
the rate of continuous drilling operation there, the plants have
failed to adequately deal with the constant inﬁltration of contam-
inants into the water and soil there. Another factor here is the
period over which drilling and its attendant processes have been
carried out in these sites. While the Mathura reﬁnery was set up
only in 1982, the oil drilling sites and reﬁneries established in As-
sam go back till the 19th century. Digboi, as stated earlier, is the
oldest of these sites, where the reﬁnery was set up in 1902. Of
course, a small reﬁning unit had been set up even earlier at Mar-
gherita in 1893. Drilling activities were accelerated during the ﬁrst
half of the 20th century after the establishment of Digboi reﬁnery,
with oil being also discovered at Naharkatiya during the period
from 1937 to 1939. In post-Independence India, the mammoth re-
sources of ONGC led to the discovery of further oil deposits at
Naharkatiya and drilling has continued till date from 1953. In 1956
the Assam Oil Corporation (later incorporated into ONGC) drilled
the deepest oil well in Asia at Moran. Again, the drilling of oil by
ONGC at Geleki began in 1968. These are only a few instances to
underline our point that the sites selected by us have experienced
several decades of oil exploration and this has taken an inevitable
toll on the ecosystem. Consequently, even though all these sites are
situated in a greener environment, the concentration of PAHs and
HMs have increased to dangerous levels by now, as continuous
emissions into the water and soil have robbed the environment of
much regenerative capability. This explains why the initial hy-
pothesis given in the introduction on the relativity of contamina-
tion in urban and rural sites needs qualiﬁcation in the context of our
results.
This high concentration of PAHs in the sampling sites is due to
the lack of proper efﬂuent treatment in the adjacent reﬁnery plants
and faulty environmental control facilities at the drilling sites,
resulting in the dissemination of hazardous contaminants into the
surrounding areas. Another possible reason for such contamination
is due to the seepage of petroleum hydrocarbons from pipeline
areas during its transportation from drilling sites to group gath-
ering sites. These contaminants may further enter the food chain
through biomagniﬁcations, putting all living organisms in
Table 1
Spatial distribution of 16 PAHs in crude oil disseminated soil in the upper regions of Assam (India).
PAHa Borholla (1) Lakwa (2) Mesagarh (3) Duliajan (4) Naharkatiya (5) Amguri (6) Rudrasagar (7) Moran (8) Gelakey (9) Digboi (10)
Acenaphthylene 2.23 e 4.46 e e e 2.5 2.87 3.9 e
Acenaphthene 1.33 e e e 0.56 0.34 e e 1.7 e
Anthracene 3.63 5.63 8.80 3.7 3.41 e e e 3.8 1.46
Benzo[a]anthracene e e e 1.17 e e e e e e
Benzo[b]ﬂuoranthene e 1.47 e 1.18 e e e e 2.56* 5.94
Benzo[k]ﬂuoranthene 4.46 6.06 e e e e 3.33 e e e
Benzo[a]pyrene 6.5 2.37 e e e 2.09 e 1.33 e 1.97
Benzo[g,h,i]perylene 4.84 e e 3.05 2.04 e 2.61 1.57* 0.83* 1.07*
Chyrsene 11.36* 11.86* 6.3 6.43* e e e 4.63* 5.2* e
Dibenzo[a,h]Anthracene 8.59* 13.53* e e e 5.06* 7.57* 12.83* e e
Fluorene 4.06 5.66* 2.9* e e 3.03 3.86 7.33 e e
Fluoranthene e 1.85 e e 3.97 4.56 e e e 5.15
Indeno[1,2,3-c,d]pyrene e e e e e 3.85 3.16 1.46* e e
Naphthalene 12.5* 7.20* 3.35 2.89* e e 4.61* e 3.23 e
Phenanthrene 20.9* 10.70* 6.4 4.64* e e 2.7* e e 4.1
Pyrene 5.9 e e e 3.5 3.2 4.03 e e 2.23
Ʃ16 PAHs 86.3 65.83 32.21 23.06 13.48 22.13 34.37 32.02 21.22 21.92
*signiﬁcant at P < 0.005.
a Low molecular weight PAH (Napthalene, Acenapthalene, Fluorene þ Acenaphthene, Phenanthrene, Anthracene) High molecular weight PAH (Fluoranthene, Pyrene, B(a)
anthrace þ Chrysene, B(k)ﬂuoranthene, B(b)ﬂuoranthene, B(a)pyrene, Dibenzo(a,h)anthracene, Indeno(1,2,3-c,d)pyrene, Benzo(g,h,I)pyrelene.
Table 2
Ratio of PAHs in different crude oil and gas drilling site of upper region of Assam
(India).
Site soil Phe/Ant* Naph/Acen* Chry/B[g,h,i]P** Flu/Pyr**
1. Borholla 5.75 5.6 2.34 0.68
2. Lakwa 1.9 e e e
3. Mesagarh 0.72 0.75 e e
4. Duliajan 1.25 e 2.1 e
7. Rudrasagar e 1.84 e 0.95
8. Moran e e 2.94 e
9. Gelakey e 0.82 6.26 e
10. Digboi 2.8 e e e
Phe: Phenanthrene, Ant: Anthracene, Naph: Naphthalene, Acena: Acenaphthylene
Chry: Chyrsene, B[g,h,i]P: Benzo[g,h,i]perylene Flu: Fluorene, Pyr: Pyrene, *LMW-
PAHs, ** HMW-PAHs.
Fig. 3. Mean polycyclic aromatic hydrocarbons (PAHs) concentrations in the sampling
sites (Values in the parentheses denotes standard deviation across the mean).
H. Sarma et al. / Emerging Contaminants 2 (2016) 119e127124considerable danger. Most of the pipelines in the study transverse
tea gardens and agricultural ﬁelds thereby posing a serious threat
to the bio-economy, since the area is widely known for its mass
scale tea plantation (producing 15% of the entire global tea output)
and rice production [35].
Generally, pollution from crude oil impedes plant growth and
also negatively impacts on their morphological and physiological
aspects and ultimately reduces plant productivity [29,30]. Hydro-
carbon contaminated soil from oil exploration activities creates a
threat to crop production and has a detrimental effect on the bio-
economic system by making land unsuitable for agriculture and
other economic purposes unless it is properly remediated. Since
agriculture is the primary economic mainstay of such a hugely
populated country as India, this problem requires an urgency on the
part of governmental agencies as well as private parties who con-
trol the oil industry here.
3.3. Spatial distribution of heavy metals
As far as the presence of heavy metals is concerned, proﬁling
from the studied soil samples showed a variation in their total
concentration (mgkg1) from a minimum of 11.86 for copper to a
maximum concentration of 627.83 for manganese, through 261.0
for iron, 158.66 for chromium, 144.79 for zinc, 73.62 for lead fol-
lowed by nickel (58.97) and cadmium (15.47). The highest total HM
concentrations were found in sampling sites 1, 2, 3 and 6 while the
lowest concentrations corresponded to soil sites 10, 9, 8, 4, 7 and 5.The spatial variation of total HM concentrations showed signiﬁcant
(P < 0.001) differences with respect to the sampling sites. The
highest mean of total HMs concentration was found in site 1 fol-
lowed by site 2 and 6 (Fig. 4). In the present investigation the
concentration of chromiumwas found to be positively correlated to
the concentration of lead (Table 3). The concentration of nickel was
positively correlated with zinc and manganese whereas it was
negatively correlatedwith cadmium. Both copper and cadmium are
negatively correlated to zinc and manganese which is in consis-
tence with the earlier ﬁndings [16].
The spatial distribution patterns of PAHs and HMs in the studied
sampling sites is shown in Fig. 5. The t-test (2-tailed) between PAHs
and HMs with respect to soil sites showed highly signiﬁcant
(P < 0.001) value as veriﬁed by Kendall’s tau and Spearman’s rho
test.
Potentially toxic heavy metals are constituents of oily waste and
penetrate and affect soil ecosystems over a long period of time
because of their persistence in nature [35]. In this study, we
recorded that the concentration of heavy metals was irregular in
Fig. 4. Mean heavy metal (HM) concentrations in the sampling sites (Values in the
parentheses denotes Standard deviation across the mean).
H. Sarma et al. / Emerging Contaminants 2 (2016) 119e127 125distribution. The high concentration of heavy metals in some sites
may be due to their non-biodegradable nature which makes them
persist for a longer duration of time in soil. On the other hand lower
concentration in some sites may be attributed to the leaching of the
metals due to ﬂooding and water runoff. It is important to note here
that the mighty Brahmaputra River originates in the Angsi Glacier
in the Himalayas and passes through multiple countries like China,Table 3
Pearson’s linear correlation coefﬁcients (r) between soil heavy metal concentrations.
Variables A B C D
Chromium (A) 1.000 0.021 0.624* 0.350
Iron (B) 1.000 0.124 0.061
Lead (C) 1.000 0.445
Copper (D) 1.000
Nickel (E)
Cadmium (F)
Zinc (G)
Manganese (H)
**& * Correlation is signiﬁcant at the 0.01& 0.05 level respectively (1-tailed), n ¼ 5.
Fig. 5. Spatial distribution of PAH anIndia and Bangladesh before it meets the Bay of Bengal. Since it is
the arterial river of Assam and runs through the heart of the tea
growing region in upper Assam (which also includes our study
sites), there is a strong possibility of its ecosystem being contami-
nated by the HMs released from oil drilling sites as they are
deposited into the river sediment. The absorption, mobility and
distribution of three HMs (Pb, Cr and Cd) in two type of soil, one
from riverbed and the other from agricultural land was examined
by Ref. [37] and reported that agricultural soil exhibited higher
metal absorption capacity as compared to riverbed so there is a
strong possibilities of contamination riverbed of Brahmaputra
which is often use for agriculture farming in this area. On the other
HMs contamination as well as its accumulation in tea has brought
attention to many researchers [14,18,20,49]. The toxic effects of
HMs such as cadmium, lead, and mercury to cultivated plants have
beenwell recognized [12,28,31,48]. These effects are varied, such as
hampering normal water balance and photosynthesis, damage to
root systems, and altering vital biochemical processes [2,32]. Cad-
mium, lead, and zinc are known to denature genetic materials,
thereby impairing the growth and development of plants. Copper,
manganese and nickel are all essential trace elements for plant
development; however, in high concentrations, these elements
disrupt the cell membrane and also affect the development of
chlorophyll and root system [34]. Given the importance of tea
cultivation in this region the spatial distribution of heavy metals is
important [16] in order to get better crop productivity.
The spatial distribution of PAHs and HMs in this oil rich region of
the world has been reported for the ﬁrst time with this study. With
a view to the potential of unearthing more scientiﬁc information
from this area, government agencies should take up necessary stepsE F G H
0.415 0.193 0.103 0.314
0.192 0.207 0.040 0.135
0.389 0.308 0.042 0.259
0.254 0.451 0.570* 0.263
1.000 0.586* 0.764** 0.937**
1.000 0.508 0.633*
1.000 0.792**
1.000
d HM in the contaminated soils.
H. Sarma et al. / Emerging Contaminants 2 (2016) 119e127126and necessary control measures to reduce toxicity in the environ-
ment as well as to prevent the occurrence of any environmental
disaster in the future.
4. Conclusion
The concentrations of PAHs and HMs were determined in soil
samples collected form century old crude oil exploring sites. The
highest distribution of individual PAHs was found in Borholla (12
PAHs) and the lowest in Naharkatia (5 PAHs). Out of the seven
carcinogenic PAHs, four of them were detected from the three
sampling site viz, sites 1 (Borholla), 2 (Lakwa) and 8 (Moran), and
these were above the permissible level. It was found that the
highest total concentration of 16 PAHs was 86.3 mgkg1. In most
samples dominant PAHs were those containing 2e3 ring molecule.
On the other hand the high concentrations of heavy metals were
found in 4 samples. The most important potentially toxic heavy
metals (mgkg1) were chromium (158.66) and lead (73.62) which
are followed by nickel (58.97) and cadmium (15.47) in soil of upper
Assam. This research allowed us to conclude that due tomagnifying
concentrations of these contaminants (PAHs and HMs), there is a
possibility of bioaccumulation and their entry into the food chain.
This is especially relevant in Assam since these oil drilling sites and
reﬁneries are mostly adjacent to tea gardens and rice ﬁeld. As has
already been argued, crude oil seepage in soil changes its physico-
chemical properties, diminishes its quality, and destroys the equi-
librium of plant growth promoting rhizobacteria, producing lasting
consequences for sensitive plants like tea and paddy. Since oil
pipelines frequently enter tea plantation areas and paddy ﬁeld,
there is a danger of the soil in those areas progressively losing its
fertility in the long run, which in turn might impede and lessen the
production of high quality tea and rice in the region in future.
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